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; The present invention relates generaUy to surfece proffling, and itiore 
specificaUy, to a metiiod and system for measuring and mapping the 
anterior surfece topography of a cornea to detennine corneal aberrations 

D^eripttdn^ . 

Various methbds have bfeeii develoised to reshi^e the cornea of the human 
eye in order to correct for \risioii defects, i^ng these vision de are 
nearsightedness (ntyopia), with the unaccommodated nominal focusing 
plane feUing before the retina; feisightedness (hyperopia), with focusing 
Plane b^phd the retina; and the coinbinatipn of defects known as 
ast^flktiini^ m^^^ there is no plane 

of best focus. The most common inethods to I c^^ 

spectacles and porrtact leiises (hard, soft sti^< gas permeable types) that 
provide the correct amount of refiactive power to shift the 
unaccommodated fiScusing plane to its Qptiihum position on tiie retina. 
However, glasses are worn extemaUy and are not infrequently perceived 



CONFIRMATION COPY 



wo 01/77739 ^ PCT/EPOl/04142 



to be uncomfortable, inconvenient, oiidfett^^^ 



Gont^ct lenses are sonietimies utilket when tbe use of glasses has been 
cbnsidfered to ^^b^ und^iiable, mostly for cosmetic reasons. Hovveveri 
5 ^ittact lenses entatt problems of their' owii in terms of possible eye 
|>*f^^^t^ necessity for time e^nsmni^ procedm^s required to 
maintain steriUty and minimize contamination. More importantiy, iiiai^ 
people cannot tolerate the insertion of ia^ei^^ their eyes. 

lii res^onsej: to pehiisuaent cbrrection of vision^ wi^out 

10 feqourse to j^§es oi: cdnmet^^te sutgical met&ds for 

/ - ;?^f#^;9^S^*^^^^^ For instance, radial keratotomy (RK), 

cornea, deep radial cuts outside die 
vision zone tii^eattse a F««i#table fla^^ of the cornea and a 

i^ttctibH M refl^e^ cbirecting low levels of 

1 5 nfyopia, V^ther procec^ is coraeal ablation with an excimer laser 
(plui^tp i^friaKi^^^ achieved by selectively 

4blit^ c^i^eal ti^^^ anteiipr sur&ce of die cornea or 

vdrp^ the^^fr^ 

Before corrective surgery, a patient uSiiaUy has several diagnostic tests to 
20 deteiit^ To ^l^jg measuring die 

coMeal suif^ee iiivo <levice$ that geherate an 

iiisaividual diapostic set of diita reliatii^ to the eye striictiire to determine 
an ablation pattern for subsequent adapmtibn to an appropriate laser 
delivery system. However, systems , and metiiods used heretofore 
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■ ' dfetenmne t<k^^ of the optical system^ iitroduce not only 

corneal aberrations hut also ahenations r^latiiig to variable eleia^ts 
within the eye, such as the crystalline lens, accommodation of the Iciis. 
and vitreous structures. Thus, the measured dioptric values do not provide 
5 the option of differentiating aberrations caused by the variables elem^ts 
from that of corneal aberrations originating on the anterior corneal sui^ce. 
As such, a corrective ablation procedure for reshaping the cornea ipay n^^^^^^ 
adequately compensate or may over-compensate due to aberratidn ;dal^ 
from the undifferentiated; variables. 

cornea with todajr's 
stifficient dat^i to measure the entire area of 
.. fecjdri^, th^ ^en^iii^ti^s utilize dtily around \m 

meMii^nt p<i accuracy of i: lt>0 in the x and y iMe. 

Coii^iabrihg thit the x/y reference pjane^ is centfered about the pupiter 
J 5 in^ is usually about 8.^ tnin in diameter, there is 

not sufficient d^ta to generate a tQpo^^^ map with the 

Accordingly, at the present tiine, a need exists in the art for a method and 
system that determine the topographic surface of the coriiea with sufficient 
20 accuracy. 



SUMMARY OF THE INVENTION 
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The present invention relates to a method and system fer deteririiiung t^^ 

■^Wj^mm^ for pe^^nt comealreshagig 

tiat con^(;t^^^^^^ 

5 AdditionaUy, the present invention relates to a system and method that 
provide a virtual image of tiie topographic surface of the cornea that may 
be combined with virtual compoiients of the optical system to deteimine 
the extent of corneal ablation required to achieve a positive effect on the 
optical iproperties of the eye. 

Id Further, the preseat invention relates to a system and method that provide 
simulation of a prospective ablation process with real-time visual feedback 
aceur^^ly j,^^ typographic sii^^e afe^ 

occur during an actiial ablation procedure to achieve minimal corneal 
abermtions and dptimid image quah^^ 

is StiU fiuther, the present invention relates to a system and method t^ 
provide an accurate determination of corneal aberrations that do not 

,-ificlude.^aji^^ ■ 
i.e., crjfsldlia^ leiM^^^ 

hi one aspect, the present invention relates to a system fbr analyzai^ 
20 optical propertieis of a structiire, die ^s^^^ 

me^ to topographiijaUy measure a surfece of the stmcture and 
produce a measured topography of the surface; 
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means to create a virtual surface corresponding to the measured 
. tbpograp%sof^a^^^ 

means to calculate paths of generated light beams con^ctitig^ 1^^^ 
yirtuali siirfece; and 

5 means to analyze the calculated paths, 

lii anot^ 

<|plie^ oif a stSrl^ AVavibs^ eiMef 

stiifSc^iO^ th^sj^fe 

mejuK measiife a surface of the structure arid 

10 produce, a measured^^ 

means to create and display a virtual structure substantially 
coiresp :5tnie!ta^ 

mi?^^ to the 

iSieastire^ the virtual 

1 5 surface is combined with the virtusal sltructure; 

me*as to generate a^ virtual light waveis for pasisage 

thrpugji siu&ce into tiie yirtiial structure; 

ineans to calpjuilate- p^ 6f the virtual hg^lit waves passing through 
the virtual snrfece; and 

20 means to analyze the calculated padis to determine refractive power 

of the virtual surface. 
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In Still another aspect, the invention relates to a system for aiialyaii^ 
optical properties of a structure into which Ug|it waves enter thi:© 
surfece of the structure, for resolution of the light waves to Create a 
picture, the system comprising: 

5 means to topographically measure a surface of the structure and 

produce a measured topography of the surface; 

means to create and display a virtual structure substantially 
corresponding to the sttueture; 

means to create and display a virtual surfece correspondiiig to the 
10 measured topography of the surfece of the structure, wherein the virfual 

s t^^ice is c<$t^ 

MM^ waves for passage 

tlut>ug^:^is^|^^ 

1 5 means to <j^lculate pa<hs of the virtual light waves passing thrbu^ 

the virtual sii^ 

meanis to a^ ithe calculated paths to determine when die virtual 
surface has been sufficiently altered to provide a refractive power that 
^P^^ ''^^^^ yfi^t waves to a position within the virtual structure for 
20 resolutioii of the virtual lij^t waves. 
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In a further aspect, the in^ 

properties^ Qf a strt^9^ entere through asurfeee of 

measuring t<^p6gfaphically a surfeee of the structure to produ(» a 
5 measured topogil^hy of the sur&ce ; 

creating and displaying a virtual structure siibstantiilly 
corresponding to the structure; 

creating and displaying a virtual surfece corresponding to the 
measured topography of the surface of the structure and combining the 
10 virtual surfece with the virtual shxicture; 

generating and displaying virtual light waves for passage through 
the virtoial sutfep^^ 

calculating padis of the virtiwl light waves passing through the 
virtual siir&ce; and 

15 analyzing the calculated paths to deterinine reflective power of: the 

viitiiai suifece. 



A fimlier^p^ct^bf thCiiitt^ »#t^s^ ajto^od for analyzing optical 
pixjpertifes of jr:$tiiiictur^ of 

the structure, for resolution of the light waves to create a picture, the 
20 method coniprising; 
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creating and displa^^ virtual structure substa^Sir 
corresponding to the structure; 

creating and displaying a virtual surface corresponding to the 

measured topography of die surfece of the structure; wherein the virtual 
surfece is combined witii die virtual structure; 

al tering die topography of the virtual surface; 

^iieia^ 
i c^ , :tlie alteret|j^ 

mmmj m^ waves passing tfa^diigh die 

alte>red virfti^ stiiface; aiid 

anal>^ the calculated p^ to detennine when the altei^-^^ 

/ :/.,opdin^;i^^^ ■ : 

In a still ^er ^pect. the present ^ i^^^^ relates to a m^diod for 
anafyzing optical properties of a stnicture. die mediod con^)rising: 

measming topographically a surface of die structure and prx>ducing 
20 a measiired topography of die surfece; 
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creating a virtual surfece coiresponduig to the measufediopogiap^ 
of the sui#c0; 

^^^^^ generated ligiht ^e^ <>&ntac^: fe 

_ ••■s!aifitee;^aii^>/t!.' 

Therefore, the invention provides a metiiod and a system that detennine 
the topographic surfece of a cornea without necessarily combining 
aberration data received from odier structures within the optical system 
and tiiat provide a virtual simulation model utilizing the determined 
10 topographic surfece for simulating results of a prospective ablation 
procedure. 

It is obvious that a visual chsplay of the calculaLted surfeoes, light beams or 
the likes might be omitted as long as die necessary data are provided to a 
person using; die methpd or the system acco jditig to tiiis invention. 

15 0bvipusIy, diis method and this system are not hmited to measurements 
and ablation i)rpcesses an eye but may be used ^vvrith any optic4 systein 
focusing pictures in a body, which pictures ar© created by beams ehterii^ 
said body through a surface EspeciaUy. this inethod and this system may 
be used if Ih^ body ^^c^^^ an intbriMil striwiure being optically active. 

20 Other aspec^, featujtes and embodik die invention will be more 

fiiUy apparent from die ensuing disclosiire and appended clain^. 

BRIEF DESCRIPTION OF THE DRAWINGS 
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FJ<j eoi«q>nSed of 

: F^G: 2 an exaiople of a comparabte i^ifection pattern in the event 

of a cpii»ea; deviatitig from the sphericail cxHifiguFatipn; 

5 f^IiGvl^^ canyiiig; out 

the process according to the inveiitibn. 

FI<3^ 4 is^ block dmgram of tfe systeni dompbne^ of a preifeited 
embodinieiit. 

HG. 5 sl^^ map a<? invention. 

10 FIG 6. shows a corneal aberratioti map according to the present; idV^ 

DETAIUp DESGRIPTION xte INVfe^ AND PREFERRED 

EMBODQvffiNTS TftERjEOF 

Determining prC'-operative corneal topogjraphic abnortnalities is a major 
detenninMit for ensuring predidtaibihfy and stability of a subsequent 

\5 refi|^ llie pre$ei^^ is based on the 

dliis0oveiy that dtpteniiii^ Uti^iiiig the corned sqr&ce topography is 
stifficierit to analyze the optical system's deficiencies and provide 
information on the predictability and stability of these surgical procedures. 
Moreover, the present method and system enablb the simulation of an 

20 ablatidn procedure to determine an (g^ffective custom ablation pattern to 
prpduce a positive effect on the optical properties of the eye resulting in 
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sufficient refractive power to slu£ mi Miccbmmoda^^ focusing plane; to 
;it$:^pptiinu|m^ 

As stated above, the hMan eye is aii Optical system chai^teii^ 
aberrations of several tyjies. A eontribiitiiig feetor to^es^^ 
5 the feet that the huffiah ^ye is not a rotaUbna% symm optical system. 
A.dditionally, corneas are never perfectly spherical, and as such, it is 
important diat the deviations tiierefrom be accurately and topographically 
V ■■ •■■^■^^jpfiftiiideteri^^ 

Corneal topography is a method of measuriiig arid Quantifying the sK^pe 
10 and curvature of the corneal surfece. Most topographic devices iuclude a 
plaicido disc made up of multiple circles, which is back lit or projected 
t^e Ppnie^iSjii^ 

c4|)tured widi a Video cMera 
a moniton Usiibt;^t^ 

15 algoriffams, the image size is measured and quantified. Generally, any 
conventional corneal topography device may be utilized in the pieSjent 
invention to generate illuffiinated concentric rings that are projected oiito 
the anterior corneal surfece olF a paticJiit's eye. The emitted hght rays are 
reflected off the patient's cornea and at ^^^1^^ of the reflected 

20 li^t rays are captured by a lens apd focused onto an imagining system, 
such as the vidbo Ciamera. 

In accordance with the present invention;: a preferred topogk^luc 
insfrumient is the Tubingen dbibur Ellipsoid Topometer (C-Sbari) 
commercially available from Techhombd Technology, Germany, as 
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described in U. S. Patent No. 5,640,962, the contents of which are 
■^n^i^0Mi$^:^)?^::h reference Irereiii^ iift)^ ;f?\jip^^ Specificaliy, the- 
topographic instrument provides x, y and z data to form a 3-D elevation 
map by utilizing at least three distinguishable recognition marks widiin a 

5 l^^tibnvpattei^i^ 

tiuiiidngs are titili^d for measUridg the iiiii^ic^ of iiie c0rtiea 

and accon:q}lished by a projection body which is illmninated, for example, 
by a white light source and has transparent, preferably ring shaped zones 
of different colors. . hi the alternative, it possible to provide an 

0 arrangement of differently colored lig^it sources, for example in form of an 
array of diodes. 

Preferably, a graphics pr(^cessing umt: is uttUzcd to: capture the riejfle<St0d 
data to form an image representing the reflectivie surface which may be 
Cqi^ared with to id&aii^: 

5 sthy distottidns ih^^ 

•d^^fUkiiticjji^ ;:^UrfiiCe; ' 

Specifickily, the distot^^^ Ugjht refiiected iiwcnx^ the ring pattern by thb 
conditions that exist on the corneal $ivr&ce is analyzed to deferiniiae the 
corneal topography anid any defoniiaddii. in tfac paLticnt's coriiea* The 

0 res\iiling dkt^ inay be disp^^ corneal etuyature map wherein 

different colors cbtrespdM conieal power and; 

FIG. 1 shows schematically the image of an eye 1 of configuration 2 as 
registered by an image detection system of the above-described type. 
Depicted within the interior of the circumferential line 2 is the contour of 
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the cQiiiea 3. A plicido disc is usbd to reflect rmgs of different cbiors 
omo the surfece of thecsye. Pieferably/seveial reflection 
generated by the coiie device Shown in Figure 3, wherein the rings are 
concentric to die Z-axis of die optical axis (camera-comeal apex). 
5 Located within die interior of these rings are two centering objects 1 1 and 
12 that are described in more detail fiirther below, lile dispell wM a^^^ 
the cohceiitric and circular arrangement of the rings 4 to 10 correspond to 
the rfflectM iinag 

iO is siidwn in Figiti^ 2)^^!^ a Miiior 

refl^iiSQh pattcsm^ Md cirdidiia-: jplrbjectip^ riiigs. 

Th&a4iM^ is defbrined by a non-Sphence^ corneal sUri^ce. In part, the 
iiiiages 5' land 6' of the respective arid oiriginally closed projection rings 
hive gips 13/^ and 14* yyriuiie bth^ striictures 7' and 8' show 

cannot be iUusirated in die drawing any differendy> the ipne 15 of the 
stracture T cannot unequivocally be associated to a respective prpjeii^bri 
riri^. 

die reflecdbn rings 5, 6 or i of a healthy coriiea (FIG. 1). 
20 Advantageously, because the rings 4 to 10 and the structures 4' to 8' are 
colpr^><l by a respective coloratipn of the projection pattern the zone 15 
caii be uneq^uivoca^ correct projection ring. 

In a preferred embodiment, a projection bPdy in the fpnn of a hollow cone 
or a hollow ellipsoid with transparent rings, in p^cular color rings, is 
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used ih the sid^ w^ll; FIG. 3 shows a schemitic, sectional iiitisttation of 
ah arrangement for canying out the measurihg process according to the 
I«^s^;inv#ntio^ in front of the eye 1, with the arched cornea 

a, is a i^iijtctim 17. the projection body 17 inchides a cone- 
5 shaped hoUow body, witii a side wa|l 111 h|^^ 

and di£ferently colored passages 19! The cone-shaped projection body 17 
is illuminated from outside by a ring-shaped neon tube 20. The showing 
of two light beams emitting from diflferently colored ring-shaped passages 
^1 ^;2|y^ 

9- thCiring st^^ cornea. 1^ beanisr 23' and 24! reflected from 

tlie Coniea 3 radiale tl^ a pinhole diaphragm at the narrower end of 
^ ff^^^^^^^ in an image 

deteCtoi^2^-v T|tc Bta^ is; fefmed, asi^Ced^^ of 
the ibdis of the im^ge detection iim to the siiri&ce being meas ui^^ 

It is importent in the described process to attain a good adjustment of the 
surfecCi fer eTcample thib Cortieiil sur&Ce, relitive to the image detection 
ui?it in Z-dk^ption. Tlie image^forming qualities of the entire aitangeihent 
depend significantly on this distance. The adjustment iii directipn of the 
Z-a^s iis; p^^ Carried but tblbuiji scMiiiig^m 6f at least two 

centering obj^ots in the projectibn pattern at a particular angle between 
their respective projection axes. The intersection of both projection axes 
yields the desired Correct Z-position. 

Centering objects 11 and 12 are scanned in at a certain angle between 
their projection axes in a plane which coincides with the Z-axis. 
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Aligiiinent of objecte 11 and 12 pfiovidies for good adjustment of die 
qbraei Spi^^ dete>cti6n tihit in die Z-direction and 

allows the defennMtion of die Z-jiosition of die eomeai surfece 3 and ife 
evaluation. Laser beam 28 forms the centering object 11 e.g. on the 
s: '^i^: ^ :^s^ u?ut^ 
■ ^ ^1^^^ aperture ih M tvall for pass^e of die 

laser beam 28 which then intersects the Z-axis in the desired point 

Preferably, the itnage detector 26 includes a video caitter^ 
communicatively connected to a graphics processing tihit. The reflection 

10 sijgnals from the cornelal surfecC are converted into electrical Signals 
miaiive tb flieir intensity and the signal may tsi au^niatically executed in 
the graphics processing iinit having a display monitor. Preferably a digikl 
cainera is utilized because the electronic sigiials resulting from the charge 
coupled device^ (CGD) are not turned into an analog signal, but instead 

1 5 remain in the form which they are recorded and transferred to die memoiy 
of the graphics processing unit as digital signals. The results may be 
puQjutted in the foito wMch refer fo those ai'bas^^^^^^ 

su^l^ice that haVe 4 sai^e teflebtiVe pt^^er : diiimg the described 
viheiaisureij^^ Tliuf ^ tiiL^ devia fiprh a standard bf me^ 

20 visible directly and without f equirmg any ftirther inteipietatiou of the 
measuring data. 

To Optimize the mapping of sinall corneal irregularities in cbineai 
topography for subsequent use in corneal and refractive surgery, the data 
of small corneal irregularities are displayed in 3-D elevation maps. 
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Ani0Sci^0:^ is ne^ed io disi)iay scats*, ei^di^ 

island after PRX, amount of tissue removed. This may be achieved by 
subtracting a best fit sphere or in the alternative, a software program, 
commercially available from C-Stan, Technomed Technology, GeijiSnyv 
may be utilized. Ilie: program sp 

reftii«nce point (Z l»d^) combined with vector ahalystS dnd j^b^&i i 
m^^i|>li<?i^ pfpp about 100 to 1000 to improve 

resolution. Further, this software tool, is capable of compensating for 

; '-'■•e^ra.f ^^yp|h^ f^ipes^.'pf: Jdpfei^nt: yid^ ' 

The resolution of the corneal map cannot, in general, exceed the huinber 
of positions at whibh tiie data Was acqtoireil. Will ibe apjji^iat^d that 
iiicreasing the resolution of the data can enhance the representation of die 
cornea scamung. TTb iiicreaise the resolution; of tiie t<>pogm^hic s bf 
. the cornea, ^ ar-metiid<i--^c^^ S0oj^^ niay be 

irq^Ieififeitildp^ are m^i^bitpioiated by reference herein 

for all purposes. 

The generated high resolution topographic 3-D map of the corneal surfece 
is displayed on a graphics processing unit. To determine optimal custom 
ablation of the measured topogr^hic sur^ce, a virtual structure, such as 
an eye structure is created on a geometric sur&ce to form a manipulative 
thipe dimensiohal model of the eye and displayed on the graphics 
processing unit. The virtual eye may be created by any method known in 
the art including, photographing components of an ideal eye and texture 
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Sie t)hbtc^rapii to <tey0k?p a mathenwtiGal model of ^le eye. 
i?'^*^*-^^^ a virtual reality 

drawing program such as. Optics hab"^, available from Science £ab 
. : Software. Carlsbad Califomiai Add^^ 

5 provide a Su^fitCe fd^ positioning a virtttal iinage> ^drnied by convergence of 
iigjbtwavesr 

: : After creatiou of a yirtaai idie^^^ ui»a# or the linage 

of thie calculated topographic surfece is connected or superimposed on the 
virtual ideal eye structure and displayed on the graphics piocbssirig unit. 
10 i^pttaliy^^^l^ eye"^^ iiwhid^d 

Mtjiin; thf i^leal Virtual eye structure. For ekaMple, the patient's iris may 
^ generated by a ray tracing virtual reality program or 

pijotpgrapiied for distal recreation on the displaying monitor. A digitized 
syst^is^mc^^ fomWdian technologies, Moorestow 

■is' M . 

Asxiordir^ f^ ^ system of presbnt inventibn, the optical 

pfdijerties of the topographical sur&ce may be determined by the 
generation of virtual light waves that eoiitabt ind/br f>ass? tbroi^ the 
viitual toji^rap^^ A 
20 number of ray tracers softwaie pibj^iains are cuireridy available diat 
convert a graphics processing unit or computer into an optics workstation 
and generate different beam platfonns for desi©tt and andysis of optics 
system including. Optica"^ which is commercially available forai Wolfram 
Research, Inc., and Stellar™ from SteUar Software, Beiiceley, Cahforaia. 
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The generated virtual light waves may be in several forms, such as parallel 
be^, b^aiiis haying vaiying intensity or color, patterns and fiequeneies. 

Based upon data geneiatedl^ by the 3^l> ^fevatibninap^ tfieth^ds 
discussed above, a corneal surfece segment which is defined by an area 
5 between at least four (4 )measured points is tested for visual acuity. F^t 
rayrm^^ high resblufeibii 3rD elbvatibn data in conjunptidn 

v^^ Ught waves and the i^esixl^g iiiiag^^ the virttikl retiiia. 
Generally, every measurable surfece irregularity causes a deviation for an 
10 incident light beam (b|)^Scal afaei^libii)^^^^ be det<^ted and 

qv^i'^^'fi passing through the tneasured corneal 

projected into a virtual retina results in an bffeet in 
relation to an ideal beam, passing through an optically ideal corlieal 
W opiet can be processed qti^ by : projTOtilig twb 

15 ppihts oil the corneal sur&ce wheibbyi a iim peak to valley 

analysis leads to an index for the corneal resolution. The index values arc 
^^^^l^^ j^^ ^^^^ segiiientSi preferably at least 100 

se^doents, a^d mpre pifefbrabfy between 250 and 1000 segments, to 
determine an index for the best corrected corneal visual acuity and 
20 deviations therefi-om. 

Apdordingly, the index values are correlated and projected back Onto the 
corttead sui|fece to j^eiierate a suri^ce quality map. The sur&ce quahty 
map idetitifiiBS the areas of the cornea With good br pbor optical quality 
(lower br higher corneal aberratibn) and can display this information in 
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both percentages and/or a color coded map as shown in Figure 5. Hiis 
sjifeee quality map can also be used to determine the ftoctioaal optical 
wgp| show relative good optical qiia% ike map may be color 
|<>d^ /*c^^ of more than 2pi^Q, 

Furtii^, subtta^^^ fitted sipheiie or asphere fiom the measured 

topographically suffeee will generate a difference map showing the 
mnount and the idc^C^n oil die x and y ^lahe ^^f th^^ 

,to-:%;:reii^v^^;:(^^ tO' ; a&yei ■t'-^^pe^i ■ 

S*^^ tfais, th6 ciMne&i s^ 

10 reinoving only tissue that wiU effect and improve visual acuity and 
avoiding ^ialU^ corneal tissue that d^ nbt contribute to tte 
iiiipip^eoiibiiidf dp^^ 

Further, data relating to contrast sensitivity may be generated by varying 
the frequencies of flie virtual light waves (sine or cosine wave) to calculate 
a projectidn that is comparable to known clinical contiast sensitivity 
charts. Tthus, the high resolution S-D topographic map may be fijrther 
ttCilized as a {tfqi^itip iridiMtial- cdrn^al segments are 

^dia^d fer almo^paf 1*a^ fiiriction ^clif j» • tod p shift fiiidtibn 
(PSF) to quantitatjyely generate a optical transfer Junction, (fiotbi the 
MjF and PSF may be created by the optics system QpticaTM deseiibed 
above) 

Heretofore, climcally used contrast sensitivity represented a combination 
of the contrast (modular transfer fiiriction) arid sensitivity which is a 
fimction of the retina. Both parameters are measured in one cliiiical 
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eJtainitiaddtt and subsequently included in a knowa vector vision chart 
Howeyen tius is a subjective mesisuf ei&erit an4 does not provide isblated 
in^iinnatioii on the mtneal sia^^ uiiless a pre^ and pos^opeiatiye^ 
^^'^^^^ ^ taken. Mi may^^^^ 

continuity in the alignment of the optical axis. 

By the methods of the present invention the inodidar transfbr fi^S^b 

' ■■■ •#pcirs^l^^.6ofi^ ihdi<iais'>& ' • 

shift of the image r opticail akis (Z-axis j. Basieallyi a cdrto^t 

10 ib^ can be generated by using the 3-D elevation data of thfe yid^o 

. [ ^^^^'^^^^^^ si^^ 

tins caii ^fccoinplished by tising a pbint ^pread function ^d the 
pnyeetioii of two^p surfece Using the resultihg poiht spread 

fon^iion g^), the convolution 

with Ic = s|ift of spread function ah^^ on virtual retina. 

The calctilated projection v^ave using real corneal elevation 

data can be analyzed for the contrast behavior G using the equation: 

C ~ (Jinax " Iniiii)/(Iinax Imin)^ 

20 Where = maximal hght iutensity (before passing cornea) and In^n = 
minimal light intensity (intensity on virtual retina). 
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A K5SuM^^ g^ show# in Figure 6, illustrates the oontrast 

(modular transfer fimctidii) as a function of the sihys wave wherein visual 
acuifyr is given by the intersection of" the contrast curve with the rednal 
setisitivity ito 

5 The phase shift of the image is calculated to deteitnine IbcE^^ t^^^^^ 

corneal surfefce for determining mimmal amounts of deeentfatibij due to 
ablation procedures. Decentration acts as a local tilt and therefore leads W. 

6f siims yv^av^^^ whiclris de^S the 

milliriietere within the 
central area of the cornea. The phase shift occurs when the grapM^^^ 

^tion A sin(<»t + <|)) crosses the X axis ai^ 
tn^ohoine^ 

a cosine curve is equivalent to a sine curve with a phase shift. A second 
graph shows the phase shift of the projected sinus wave relative to the 
optical ajqs as a fimction of the fiiequeiicy, Both graphs, togedfer with the 
ili^ludpd iaformatipn, provides an optibal transfer fimction (OTP). 
^S^^Hj^ i^ suffece quahty map. 

which i?ro>i^^^^ to display the 

20 coniei?lopi|ical^^a^^^ 

Bxaniple i 

A standard 4.5D PRK myopia cortectibn with an optical zone diameter of 
6.5 mm. treated wiitfi an Apex plus (Summit. USA), was used td iUustiate 
the obtained corneal aberration map (CAM), shown in Figure 6, which 
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cppibin^sj tl^^^^^ and siirfitce quality map of Figurtf 5. The 

^^^^Sj^ fi>uif sub ch^: Me^^ a r^iiis map, 

s^4*fece qiift w^tijrast graph and plrise sto^^ At the tower 

left of die CAM, the distributioii of radii is shown which iridi<ja^ 
5 homogenous distribution. In the upper left of the CAM, :the sii^^ 
iiu^iy^: f i<^s; i dark gray area il^rtflaliy a colored 

which indicates, quantitatively, the optical, aberration prevailing in a 
normal 20/20 eye having a diameter of 4.2 mm after the 4,50 PftK, the 
upper right graph shows "confrasr as ^ fimction of sinus waye 
10 ©equeiicies and ittdieates that cbutfast decreases rapidly f^^^ 

fiTequ6ncies. The horizontal line represent, in this graph; the pl^siolbgi<5al 
thresliold and the intersection between the contrast curve and tiHe 
physiologieai threshold correlates to the expected potential visual acuity 
for sinus wave structures. The phase shift graph in the lower right of the 
15 CAM shows the behavior of the phase shift as a function of fi^quencies 
til? pliase shift is almost constant 

the preseiit map with the four charts can be used to provide information 
necessaiy to qualify the corneal aberration. While the boilieal radius mip 
is ihomogiehbus for the ^ .5 mm diameter of the ^blatbd optical zone, the 

20 surfece quality map reduces the ftmctional optical zone to 4 2 min for a 
given amount of myopic correction. Thus, for dayUght conditions, a 
ftmctional optical zone of 4.2 mm in connection with a small pupil, 
provide high visual acuity and good contrast behavior! The infonnation 
of the comeial aberration map can be used to guide a laser for customized 

25 ablation. Moreover, the corneal aberration map contains all the 
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mfonnStion to achieve minimal corneal dbeiration, aiid thus/ bj^tiail 
iM^e tpa^ 

i^d^^r embodiment the preseiit inveittibiitelate^^td the- inaiji^^^ 
of liie cx)feeal^^^^s^ peifomed by a virtual? in^ttijiii^iit 

5 CT^eited Mthin unit or computer, For a vi^^ 

ablatiidtt procedwre, a cut or removal of tissue gjCUs^ by the vu 
^tiTii¥i0nt^ by triacfcirig die tip^^^^^^^^^^^ the 

J^rtiiai:^^^^s^^ is j^shaped to Gorr^spibiid to |ke v 
Siibsequently, the visual acuity, as a result of each ablation cut, may be 
10 deteiiruned by^^t^^^^ suf&ce of die yirtii^l 

corni^a by m^ediods described a^ Accordittgfy, a pre^operati%fe test 
iBiay be peffoitMed^^^^ dbtermine the bpiittial ajjlation^^p^^ 
deternaine juid achieve minimal corneal abeirad^^ 

lia case of a ihedieal appUcation, in particular fbr deterinibing the surfece 
15 topography of the corneal surfece of an eye^ a measuring device^^ W 

Operatfes a<xpi^du^i the stated proccsss, ciM be coupled^^^^ diitib ithe 

opeiratiiig inicrosco^^ ^dabliei the sufgedii to fecogtiiii coitieiaii aireas 
having a deviation from the desired geometry ^d to imimediatdy r^nde^^ 
respective treatment. 

20 
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tliat which i^^^^^ 

1 ; A system4>ri^ly^^ optical pi^ipettieS of which 
light waves enter thrbugh a sm%e of ll?i5^^^^^^s 
5 eoiiapiising: 

means to topographically measure a surfece of the structure and 
pixiNdiice a 

means to: ereat0 ?i \^^ 
structure; 

0 means to preate a virtual suirtfece CGrrespbn^dbuag to the ineasur^d 

tppography of tl^e surfape of the structure; whemn the virtual sur&ce is 
cbiiibihed with tiie vii^^ 

ineaupl^ ta generate^^ 
surface into the virtual structure ; 

5 means to calculate paths of the virtual Hght waves passing through 

the virtual surfece; arid 

ineisins to mdfyps^^^^ calculated paths to deterniine refiactiye power 
of the viiiiial si^ 

2. The system according to claim 1, whefeiri the structure is an eye 
20 having a topographic sur&ce. 
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3. The system according to claim 1 or 2, fbrther eompiising means tb 
naeasiire an internal straeture within the structure and means to cf^te a 
vutual intbti^ substantial^ conresponding to the intein^ 

;:$ti!pu:(a^ 

5 4: The system accord^ wherein the internal structure is am 

ins. ; ■ 

^- The system according to anyone of claims I to 3, wherein said 

^^^^^^^ of 

/ : > . #^#J^:^^tir^ ^ \iittual: fifed arfea, le sl 

6. spt^ mcormg t»^ ^tami^^, wfaerliii M calculated paths of 
the h^it Waves irierge at the focal area. 

7. The system according to anyone of claims 1 to 6, wherein the light 
waves have vaiying intensity. 

15 8. The system according to claim 7, wherein the means to analyze the 
calcukted padis comprise mean^:^[^^ 
ofyai|angi^^ 

shift is analyzed with respect to an Optidal axis of the structure. 

9. A system for analyzing optical properties of a structure into which 
20 li^t waves enter through a surface of the structure for resolution of the 
light waves to create a piotiire, the system comprising: 
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means to topo@^aphicaUy measure a surfece of the structure and 

»^^%9re*i^pual^tn^ 
stracture.; - 

nieiiiis to erfeate a virtual m measurM 

topogr^||x>f&/|^ 

combinedwiththe viituaistnicture; \ - . 
^^i^isi)*^^ 

means to geheme virtual li^t waves for passage through the virtual 
Id surface uoito the: 

me^ m <Mi^m patiis bf the virtual light waves passing through 
the virtual surfece; and 

means to analyze the calculated paths to determiiie when the virtual 
surfece Jia^ beeny ^ tp pt^b^^^fe a 

15 #i% ti^ yittud to A positionvwithin the virtual iiiictxa© ^ 

resoluti*6h o^^ 

^- Th^ system accprding to claim 9, wherein the structure is an eye 
hivihg a topogfajphic surfeee. 

11. thte system according to claim 9 or IG, fiirther comprising means to 
20 measure an internal structure within the structure and means to create a 
virtual internal structuTie substantiaUy corresponding to the inteitial 



26 



wo 01/77739 PCT/EPOl/04142 



Structure and being positioned in the virtual structure behind the virtual 
suiface. 

12. The system according to claim 1 1 , whesrein 0^^^^^^^^ stiiic^^ is 

ainiris; 

5 13. The system accordinyg; to j^iyStt^ whfef eih said 
^^^^^ ^ calculated paths to cfejemime^ tHe viitiial 
?Uiface has bbeh sufficiendy altered, compose meaiis^^^ to 
fi)e^l are% L e. a v^ 

14. tlie%stem according to claim 13^^ calculated paths of 
10 the virtual light waye^ 

1 5 . The system according to anyone of cl^mis 9 to 14, whereiii thfe 
lij^ waves': i^ve valuing intensity. 

16. The system according to claim 15, wherein the means to aiiMyze thd 
calculated pathi cbt^ to andya® tjie phas shift of die be^ 

15 of vai^dng intensity, passing through the virtual surfece and the phase shift 
isMatyze^wi^^ 

17. A system for analyzing optical properties of a structure, the system 
conqirising: 

means to topographically measure a surfece of the structure and 
20 produce a measiired topography of die surfece; 



27 



WQ 01/77739 PCT/EPO 1/04 142 



meaus to create a virtual sttfface corresponding to the measii-cd 
topography of the surface; 

means to calculate paths of generated hght beains contacting die 
virtual: surfecej and: 

5 means to analyze die calculaited padis, 

Tmm0i$U^ oi die structta-e and imkiucing 

a ffiesi$%ed to^Qp^^ 

10 

of die surface ; 

calculating padi^ of geiieiated light beams contacting die virtual 
siirfece; and 

/ ianaiyziiig the calculated pathS; 

15 19. A ttieiiod ifdr analysing optical properties of a structure into which 
%ht waves enter dirough a surfece cff die structure, die mediod 
comprising: 

measuring topographically a surfece of die structure to produce a 
i^easured itopography of the siiirfece; 
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creating a virtual structure substantially corresponding to the 
structure; 

creating a virtual surfece coiresponding to the measiired topography 
of the surface of the structure and combining the virtual sur^e with the 
5 virtual: structure; 

generating virtual light waves for passage through the yi^^ 
sur&ce into the virtual structure; 

calculating paths of the virtual Ught waves passing Itepugh the 
virtualsur&Ge;^^ 

10 Analyzing the pjdeulated paths to dete^rmine refi^active power of the 

vimialsur^ee. 

20. Thejiie&^ 

havii|g:a^*^ 

21. 1^ clam 19 or 20/ toher comprising means 
15 to mfea^tiaf ^trtictiL^ 

^"^^ J"^^"^ structufe substantiaily corresponding to the internal 
structure arid positioned in the virtual stincture behind the virtual surfece. 

22. Itie method system according to claim 21, wherein the internal . 
structure is ah iris: 

20 23. T^e metiiod according to ahyone of claims 19 to 22, creating a 
virtual focal area, i.e. a virtual retina. 
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24. This tmihod according to claim 23^ wherdin die calculated jiatiiis of 
the virtual light waves merge at the focal area. 

^^■\ : »pefliod accordtog to 19 to 24, whereM the 

light w|iv(e§%v 

5 2iv^^^ ^^ claiik 25, wBtei^ the ineans to aiialyze 

fliie c^culat;e4 1^^^ me^ to analyze the phase shift of the 

of vaiying intensity, passing through the viitual surface whra^in the 
pjiase shift is an^yz^ with respect to an Optical aids of the structure. 

i^thod %: anajyzing optical pro^r^ of a structure into which 
* ° I^ Jy^^;^ suii^e otthe sfe^ of the 

nieasuring tppogfaphically a surfece of the structure to produce a 
meastired topography of the surface ; 

creatuBg a virtual structure . substantially corresponding to the 
15 structure; 

creating a virtual surfece corresponding to the measiired topography 
of tfie sur^ce of U^^^^^^ sur&ce is combmed 

with the virtual structure; 

altering the topography of the virtual isurface; 

20 generating virtual light waves for passage through the altered virtual 

sur&ce into the virtual structure; 
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analyzing the calctdated paths to detednine when the altered viiW 
surface has been altered sufficiently to provide a refractive power that 
5 shifts the virtual light waves to a po^^^^^ 
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